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Magnetic null points can develop near the ergosphere boundary of a rotating black
hole by the combined effects of strong gravitational field and the frame-dragging
mechanism. The electric component does not vanish in the magnetic null and an
efficient process or particle acceleration can occur. The situation is relevant for starv-
ing (low-accretion-rate, such as the Milky Way’s supermassive black hole) nuclei
of some galaxies which exhibit only episodic accretion events. The presence of the
magnetic field field of an external origin is an important aspect.We propose that such
conditions can develop when a magnetized neutron star approaches the supermas-
sive black hole during late stages of its inspiral motion. The field lines of the neutron
star dipole thread the black hole’s event horizon and change rapidly their connec-
tivity. We put in comparison the case of a dipole-type magnetic field of a sinking
and orbiting star near a non-rotating black hole, and the near-horizon structure of an
asymptotically uniform magnetic field of a distant source near a fast-rotating black
hole. Although the two cases are qualitatively different from each other, they both
develop magnetically neutral null points near the event horizon.
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1 INTRODUCTION
The present day astrophysics accepts the notion of black
holes as a likely explanation for intriguing properties of
super-massive dark objects in cores of active galactic nuclei
and quasars, as well compact stellar-mass components of
X-ray binaries. According to the classical general-relativity
definition of a vacuum, asymptotically flat spacetime of
an isolated black hole with a non-singular event horizon,
black holes do not support their own, intrinsic magnetic
field (Misner, Thorne, & Wheeler, 1973). This can be under-
stood in terms of black hole uniqueness theorems (Wald,
1984), which limit the family of parameters of black-
hole solutions (Carter, 1971). The situation starts to be
more complicated if the traditional assumptions are relaxed
(Chrusciel, Lopes Costa, & Heusler, 2012). For astrophysical
0Abbreviations:GR, general relativity; AGN, active galactic nucleus; SMBH,
super-massive black hole.
black holes it appear that only the mass and angular momen-
tum are two relevant parameters, values of which need to be
constrained and measured by observation of electromagnetic
light from nearby stars and gas, and the gravitational wave sig-
nal that can be released in themoment of black hole emergence
and/or collision and coalescence with a secondary black hole
or a neutron star (Rees, 2003). The only trivial exceptions are
in principal related to the possibility of global charges on the
black hole, although this does not seem to be an astrophysically
plausible concern.
2 BLACK HOLE IMMERSED IN AN
EXTERNAL MAGNETIC FIELD
In general theory of relativity, gravity shapes the space-time
curvature, which then determines the way how particles move
and how embedded fields (the electromagnetic field in particu-
lar) bend and twist their lines of force. Vice versa, particles and
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FIGURE 1 Left panel: 3D projection of themagnetic field lines of a dipole near the null point (red mark).Middle and right pan-
els: two-dimensional sections constructed across the null point in the Rindler approximation (figure adapted fromKopacek et al.
2018).
fields acts as sources in the coupled set of partial differential
equations for the space-time metric,
푅휇휈 −
1
2
푅푔휇휈 = 8휋푇휇휈; (1)
see, e.g., (Chandrasekhar, 1983; Misner et al., 1973). On the
right-hand side the source terms consist of contributions from
both the material terms (particles and fluids) as well as fields.
For the latter, electromagnetic field is clearly of astrophysical
relevance,
푇 훼훽 =
1
4휋
(
퐹 훼휇퐹 훽
휇
−
1
4
퐹 휇휈퐹휇휈푔
훼훽
)
, (2)
푇 휇휈 ;휈 = −퐹
휇훼푗훼 , 퐹
휇휈
;휈 = 4휋푗
휇 , ⋆퐹 휇휈 ;휈 = 4휋
휇 in the
usual notation (the asterisk denotes a dual quantity). In real-
istic circumstances, however, the electromagnetic fields are
not intense enough to curve the spacetime; instead, they just
respond to gravity as a test field. Nonetheless, the effect of elec-
tromagnetic acceleration acting on electrically charged parti-
cles can still be significant, and so it is important to understand
the structure of these test fields.
A number of cornerstone discovery papers dealt with
the mathematical structure of electro-vacuum test field
solutions on the background of classical black holes
(Bicak & Dvorak, 1980; Chitre & Vishveshwara, 1975;
Dovciak, Karas, & Lanza, 2000; King, Lasota, & Kundt,
1975; Petterson, 1975; Pollock & Brinkmann, 1977; Ruffini,
1973; Wald, 1974, and further references cited therein). Inter-
estingly enough, some important aspects of the solutions have
not yet been completely studied to date. Indeed, the above-
mentioned early papers have demonstrated that the magnetic
and electric lines of force are highly distorted by the presence
of the horizon and the gravito-magnetic action of a rotating
black hole (Punsly, 2009), however, the potential astrophysical
impact of these distortions remained to be seen.
An interesting possibility has emerged: magnetic field
line asymptotically perpendicular with respect to rotat-
ing (Kerr) black hole. Magnetic null points then emerge
in the equatorial plane, where the magnetic components
vanish even in the purely electro-vacuum configura-
tion. In such a case, electrically charged particles can
be accelerated very efficiently because, in the magnetic
null point, the Larmor gyrations do not interfere with the
acceleration by the electric component. The effect was
examined in several papers (Karas, Kopacek, & Kunneriath,
2012; Karas, Kopacek, Kunneriath, & Hamersky, 2014;
Kopacek & Karas, 2015); we found that a translation boost in
combination with fast rotation of the black hole help to create
the magnetic nulls. Here we further elaborate on the inter-
esting features of such asymmetric (asymptotically oblique)
magnetic fields in the near-horizon limit.
3 MAGNETIC NULL POINTS NEAR
SMBH HORIZON
3.1 Case of non-rotating black hole
Supermassive black holes (SMBH) reside in
centres of galactic nuclei, where they are sur-
rounded by dense nuclear star clusters (NSC; e.g.,
Georgiev, Böker, Leigh, Lützgendorf, & Neumayer, 2016;
Schödel et al., 2014), including massive stars. In the course
of stellar evolution, inevitably, a population of magnetized
neutron stars emerges within NSC. This provides a plausible
scenario, which brings the magnetic field of an orbiting and
gradually sinking to the center neutron star down to the SMBH
horizon (D’Orazio & Levin, 2013; Kopacek et al., 2018).
We assume that the neutrons star’s external magnetic
field is approximated by a rotating dipole in vacuum
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FIGURE 2 Left panel: magnetic field lines of an asymptotically uniform field and the critical point (red cross) near a rotating
black hole. Middle and right panels: detailed structure in of the two-dimensional sections. The black hole is centered in the
origin; part of the horizon is seen in the bottom-left corner of the middle panel.The separatrix is formed by lines crossing the
critical point in the right panel (Karas et al., 2017, and reference cited therein).
(Kovar, Kopacek, Karas, & Stuchlik, 2010). In order to derive
the structure of this boosted rotating dipole interacting
with the SMBH, we adopt the Rindler approximation
(MacDonald & Suen, 1985; Rindler, 1966). This scheme is
adequate to capture the structure of the field lines in the near-
horizon limit and it allows us to include also the effects of
linear translation velocity of the dipole, which in turn helps
to create conditions necessary for the emergence of magnetic
nulls in electro-vacuum, i.e., even without the contribution of a
conducting plasma, which is usually assumed and indeed must
be also present in the neutron star magnetosphere (Somov,
2006).
Rindler’s near-horizon approximation ignores the effects of
spacetime curvature, instead, it represents the black hole gravi-
tational attraction locally (on scales 퓁 ≪푀) by the equivalent
acceleration. For our problem the Rindler approximation is a
very useful tool, as it allows us to analyze analytically the elec-
tromagnetic field structure very close to the horizon, where the
acceleration plays the dominant role.1 Let us remind the reader
the approximate metric is flat; it can thus written inMinkowski
coordinates (푇 ,푋, 푌 ,푍). In the case of non-rotating black
hole,
푑푠2 = −푑푇 2 + 푑푋2 + 푑푌 2 + 푑푍2 (3)
= −훼2푑푡2 + 푑푥2 + 푑푦2 + 푑푧2, (4)
where 훼 (lapse) relates the Rindler coordinates (푡, 푥, 푦, 푧) with
the corresponding the spatial part of the Schwarzschild metric
1Let us note that the structure of weak electromagnetic fields on the curved,
Kerr-metric background can be solved in terms of infinite series expansion with no
further approximation. In this respect the Rindler’s approach gives useful insight,
but it is not necessary.
near the horizon (MacDonald & Suen, 1985),
푑푠2 =
푟
푟 − 2푀
푑푟2 + 푟2 푑Ω2 ≃ 푔−2
ℎ
푑훼2 + (2푀)2 푑Ω2; (5)
푔ℎ ≃ 훼∕푧 is the horizon surface gravity, 푧 ≃ 4푀
√
1∕2푀 − 푟
is the proper distance from the horizon.
The electric andmagnetic field lines, for an observermoving
at four-velocity 푢휇, can be written i terms of the electromag-
netic field tensor 퐹 훼훽 :
퐸훼 = 퐹 훼휇푢휇, 퐵
훼 =
1
2
휖훼휇훾훿퐹훾훿 푢휇 , (6)
respectively. Integrating three-dimensional projections of the
electric and magnetic vectors in eq. (6), either numerically
or analytically, one can find lines of electric and magnetic
force, respectively. We checked that analytical and numeri-
cal approaches lead consistently to the identical shape of field
lines, as they indeed should (Kopacek et al., 2018). Then, for
practical reasons of exploring the vast parameter space, we
employed the numerical approach to identify the location of
magnetic null points, where the 퐵-field vanishes. Figure 1
shows a typical structure of the field lines of a rotating dipole
in arbitrary (inclined) orientation and velocity.
3.2 Case of a rotating (Kerr) black hole
When the black hole rotates, its gravitational effect of the
surrounding matter and fields is different because of frame-
dragging. In the context of producing the critical points, where
the magnetic field disappears, the case with black hole rotation
is, interestingly, both simpler and more complicated compared
to the non-rotating case. On one side this case is simpler
because the magnetic nulls occur even when the rotating black
hole interacts with the homogeneous (asymptotically uniform)
magnetic field; the frame dragging ensures that the field lines
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FIGURE 3 The structure of electric and magnetic lines of
force corresponding the homogeneous magnetic field perpen-
dicular to the black hole rotation axis 푧. In the equatorial plane
(푧 = 0) themagnetic lines (blue curves) reside in the plane, but
they are progressively more distorted outside this plane; the X-
type magnetic neutral point emerges. On the other hand, the
induced electric lines (red curves) pass through the magnetic
null point, thereby accelerating electrically charged particles
very efficiently (Karas et al., 2012).
are dragged and distorted in a dramatic way near the ergo-
sphere, where the space-time rotation becomes unbeatable. On
the other side, the situation is more complicated because the
space-time element contains cross-terms (푔휙푡 ≠ 0), which
means that the metric is stationary (not static) and the result-
ing gravito-magnetic action influences the field lines unlike the
non-rotating (static) black hole. Fig. 2 compares the topology
of field lines with the previous case.2
Let us also notice a remarkable sequence of nested layers
that develop near the black hole and are seen as one gradually
approaches the event horizon. The orientation of the magnetic
field reverses repetitively across these layers, which then cor-
respond to current sheets in a non-vacuum (plasma filled) sys-
tem. Moreover, a gravitomagnetically induced electric compo-
nent can pass through the magnetic null point, thereby acting
as an efficient acceleration mechanism for charged particles.
This can be clearly illustrated in the case of a uniform mag-
netic field lying within the equatorial plane, where the electric
lines rise above and below the plane; see Fig. 3 for a three-
dimensional projection of the combined magnetic and electric
lines in the vicinity of the magnetic null.
2Cartesian coordinates (푥푔 , 푦푔 , 푧푔 ) correspond to the Boyer-Lindquist
spheroidal coordinates (푟, 휃, 휙) in this plot.
4 DISCUSSION
We have demonstrated the emergence of magnetic neutral
points in the purely electro-vacuum system, namely, in the
vicinity of a magnetized black hole with fast rotation and the
linear boost. The topology of magnetic lines is governed by
the black hole strong gravity and the induced gravito-magnetic
effects. The intricate structure of the lines of force is interest-
ing by itself; moreover, the case of weak (test) electromag-
netic field can be solved analytically in complete generality,
although in this paper we started with the the simplest geom-
etry of an asymptotically uniform (Wald-type) magnetic field
that is homogeneous at spatial infinity, albeit the direction of
the field can be arbitrary with respect to the black hole rota-
tion axis, and the black hole can exhibit linear translation (see
Kopacek et al., 2018) for a more complex case of a magnetic
dipole near a black hole in Rindler’s approximation.
Two aspects of the above-described electro-vacuum system
should be mentioned. Regarding its efficiency to accelerate
particles from the vicinity of a black hole, an electric compo-
nent should be present in the magnetic null. While the Larmor
gyrations in the null point vanish, electric field can accelerate
charged particles. One can easily verify that, indeed, in our sys-
tem the lines of electric force pass through the magnetic null
(the origin of the electric component is due to gravito-magnetic
effect, so the black hole rotation is required). In the case of the
homogeneous magnetic field perpendicular to the black hole
rotation axis in its equatorial plane, the non-vanishing elec-
tric component is directed perpendicularly with respect to the
equatorial plane (i.e. along the axis of symmetry). The escap-
ing particles are thus also expected to be accelerated along
the black hole rotation axis and they can thus form a stream
outflowing in an escape corridor (Kopacek & Karas, 2018).
Let us note that the black hole system with an oblique
(non-axisymmetric) magnetic field lacks any spatial symme-
try. Therefore, the lines of force become entangled outside
the magnetic null point, and the mechanism of their recon-
nection requires to apply the three-dimension (3D) formalism.
Although this is beyond the scope of our present investiga-
tion, one can envisage the spine topology that governs the field
lines outside the magnetic null (Pontin, 2011). While in 2D the
conditions for reconnection are confined to X-type null points
(which in our system occur just in the equatorial plane and
the magnetic field asymptotically perpendicular to the rotation
axis), full 3D topology allows for even a richer structure; the
reconnection process does not even have to be limited to the
null points. The process of reconnection is then defined just
by the changing connectivity of field lines. To this end, a non-
vanishing component of parallel electric field is crucial. This
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is also why rotation of black hole became important in our sce-
nario: it can generate the electric field by the gravito-magnetic
interaction.
Unlike the usually assumed force-free approx-
imation to model pulsar magnetospheres (cf.
Gourgouliatos & Lynden-Bell, 2019; Petri, 2013) for a very
recent account and references. Here we adopted the opposite
limit and started from the electro-vacuum structure Finally,
let us note that the traditional resistive MHD view of the
reconnection does not apply to our discussion. The resistive
mechanisms, however, are relevant in a sufficiently dense
plasma. Instead, in highly diluted, hot environment, which is
of particular relevance in space non-ideal reconnection effects
are dominated by non-collisional processes and radiation
cooling that are, typically, connected with Larmor gyrations
(Biskamp, 2000; Hakobyan, Philippov, & Spitkovsky, 2018).
5 CONCLUSIONS
We constructed the lines of magnetic force in the near-horizon
region, where the electro-vacuum field of an external source
interact with the black hole gravity. We considered the limit
of an electromagnetic test field, which does not contribute as
a source of the gravitational field in Einstein’s equations, how-
ever, we allowed for the motion and/or rotation of the black
hole. Magnetic null points can occur; the locus of vanishing
magnetic intensity is a place where magnetic reconnection can
be triggered once the plasma gets injected into the immediate
vicinity of the magnetic neutral points, for example by the pair
creation process.
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